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Under the belief that the universe should be multi-feature and informative, we employ a model-by-
model comparison method to explore the possibly largest upper bound on the swampland constant
c. Considering the interacting quintessence dark energy as the comparison model, we constrain
the large parameter space interacting dark energy model, a 12-parameter extension to the ΛCDM
cosmology, in light of current observations. We obtain the largest 2σ (3σ) bound so far, c . 1.62
(1.94), which would allow the existences of a number of string theory models of dark energy such
as 11-dimensional supergravity with double-exponential potential, O(16) × O(16) heterotic string
and some Type II string compactifications. For inflationary models with concave potential, we find
the 2σ (3σ) bound c . 0.13 (0.14), which is still in strong tension with the string-based expectation
c ∼ O(1). However, combining Planck primordial non-Gaussianity with inflation constraints, it
is interesting that the Dirac-Born-Infeld inflation with concave potential gives the 2σ (3σ) bound
c . 0.53 (0.58), which is now in a modest tension with the swampland conjecture. Using the
Bayesian evidence as the model selection tool, it is very surprising that our 18-parameter multi-
feature cosmology is extremely strongly favored over the ΛCDM model.
I. INTRODUCTION
For a long time, in modern cosmology, there are two
main hot topics, i.e., early-time inflation and late-time
dark energy (DE). For the very early universe, inflation,
which is a hypothetical period of quasi-de Sitter exponen-
tial expansion, can give a solution to several important
problems in the standard Big Bang paradigm such as the
lack of relic monopoles, flatness, homogeneity and the
horizon problem [1–8]. Moreover, inflation can also ex-
plain the primordial density perturbations derived from
the observation of cosmic microwave background (CMB)
anisotropies [9–12]. For the late universe, since the cos-
mic acceleration was discovered by two Type Ia super-
novae (SNe Ia) groups [13, 14], the existence of DE has
also been verified during the past two decades by many
independent cosmological probes at various cosmological
scales such as the CMB radiation [15, 16], baryon acous-
tic oscillations (BAO) [17, 18], X-ray clusters [19, 20]
and weak gravitational lensing [21]. Meanwhile, cosmol-
ogists have established the standard DE scenario, i.e.,
the Λ-cold dark matter (ΛCDM) model. Most recently,
Planck-2018 final release [22] with improved measure-
ment of the reionization optical depth has confirmed,
once again, the validity of the simple 6-parameter ΛCDM
cosmology in describing the evolution of the universe, al-
though there still exist the Hubble constant (H0) tension
and matter fluctuation amplitude (σ8) tension. There-
fore, current standard cosmological paradigm embedded
in the framework of general relativity (GR) should be “
inflation+ΛCDM ”.
However, GR cannot be the ultimate theory to char-
acterize such a realistic and tremendous universe from
cosmological scales to extremely small scales. A common
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viewpoint is that GR could be the low energy limit of a
well-motivated high energy UV-complete theory, where
the behavior of inflaton field and DE phenomenon can
be usually captured by the effective field theory (EFT)
originated from its low energy limit. String theory, a
unified theory combining the standard model of particle
physics with gravity, naturally emerges as a candidate for
such a UV-complete theory and has received much inter-
est. String theory provides a vast landscape of vacua
and such a landscape is believed to lead to consistent
EFTs, which are surrounded by the so-called swamp-
land, a region wherein inconsistent semi-classical EFTs
inhabit. Consequently, finding a theoretical boundary or
constructing a set of conditions to distinguish the consis-
tent EFTs from inconsistent ones lying in the swampland
is a very urgent task. Weak gravity conjecture [23] and
recently proposed swampland criteria [24, 25] have at-
tempted to address this important issue and received sub-
stantial interest. It is noteworthy that, as is well known,
Minkowski and Anti-de Sitter solutions in string land-
scape is easy to be obtained, but the de Sitter ones are
extremely difficult to be found [26, 27]. Hence, it is rea-
sonable to guess that de Sitter vacua may reside in the
swampland not in the landscape. In light of this, one of
two swampland criteria has made the de Sitter vacua to
be part of the swampland [28].
In this study, we mainly focus on the cosmological im-
plications of the swampland conjecture (SC ) [29], which
is expressed as:
? SC1: The scalar field net excursion in reduced Planck
units should satisfy the bound
|∆φ|
Mp
< ∆ ∼ O(1), (1)
? SC2: The gradient of the scalar field potential is
bounded by
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> c ∼ O(1), (2)
where both ∆ and c are positive constants of order
unity, the prime denotes the derivative with respect to
the scalar field φ, and Mp = 1/
√
8piG is the reduced
Planck mass.
Recently, when applying these two SCs to observa-
tional cosmology, Agrawal et al. [29] find that: (i) SCs
are in very strong tension with observationally living
plateau inflationary models by requiring c .0.02 and
∆ & 5; (ii) Although SC2 disfavors clearly the ΛCDM
model, quintessence DE model can be made compatible
with two SCs by demanding c < 0.6 and c < 3.5∆. Sub-
sequently, for DE, Heisenberg et al. [30] give current 3σ
constraint with c . 1.35 via a Finsher matrix analysis,
and for inflation, kinney et al. [31] derive out the rela-
tion between the second slow-roll parameter and c and
find a bound c . 0.1 based on their constraint. Interest-
ingly, Akrami et al. [32] obtain the 3σ bound c . 1.01
by constraining a 5-parameter quintessence DE model
with current data, and they rule out recently proposed
alternative string theory models of DE at least at the 3σ
confidence level. Note that their 2σ bound c . 0.78 [32]
is a little larger than that c < 0.6 obtained by Agrawal
et al [29].
In light of the above results, we aim at giving the possi-
bly largest upper bound on c based on currently available
cosmological data.
II. ANALYSIS
In [29], there are three premises to obtain the bound
c < 0.6 from DE analysis using a model-by-model com-
parison method: (i) Choosing the standard 8-parameter
Chevallier-Polarski-Linder (CPL) cosmology as the fidu-
cial model to fit data; (ii) Choosing the quintessence DE
cosmology as the comparison model; (iii) Choosing the
simplest exponential potential for quintessence field.
We argue that these three assumptions should be
changed at least in light of the following two view-
points. Firstly, such the realistic and tremendous uni-
verse must be extremely informative and multi-feature,
and we cannot use a oversimplified 6-parameter (ΛCDM)
or 8-parameter model to characterize it. For example, in
practice, we have no reason to fix the sum of three active
neutrinos to be Σν = 0.06 eV and assume the equation of
state of DE to be ω = −1. Secondly, actual cosmological
tension must be stable when decreasing or increasing the
number of dimension of parameter space. The tension
generated by ignoring the physically related degrees of
freedom should not be the real one.
Under the belief that the universe must be multi-
feature and informative, for the late universe, we at-
tempt to explore the possibly largest upper limit of c
in a physically large parameter space cosmology. Specif-
ically, we choose a 18-parameter space scenario as the
fiducial model by considering a interaction between dark
matter (DM) and DE. Meanwhile, we choose the coupled
quintessence cosmology as the comparison model, where
quintessence DE interacts with DM in the dark sector.
As for the scalar potential, we still choose the exponen-
tial one. The effects of modifications of potential on the
limit of c have been studied in [32, 33].
Based on current B-mode constraint, in [29], obtaining
the bound c . 0.09 from inflation analysis has a main
premise, namely using a 7-parameter model (ΛCDM plus
the tensor-to-scalar ratio) as the fiducial one. Similarly,
for the very early universe, we also use the 18-parameter
space cosmology as the fiducial model to implement the
analysis about the upper bound on c.
III. MODELS AND METHODS
As the comparison model, we consider the interacting
quintessence dark energy (IQDE) scenario, whose Fried-
mann equation is written as 3H2 = ρφ + ρbm + ρdm + ρr,
where H is the Hubble parameter, and ρφ, ρbm, ρdm and
ρr are energy densities of quintessence field, baryonic
matter, DM and radiation, respectively. Furthermore,
we have ρ˙φ+3H(ρφ+Pφ) = − ˙ρdm−3Hρdm = −Qρdmφ˙,
where Q is the interaction between DM and DE, Pφ is
the pressure of field φ and the dot denotes the derivative
with respect to the cosmic time. The trajectory of field
φ can be parameterized by a set of dynamical variables
x1 = φ˙/
√
6H, x2 =
√
V /
√
3H, x3 =
√
ρbm/
√
3H and
x4 =
√
ρr/
√
3H. We use M2p = 1 throughout this study.
Subsequently, considering the case of exponential poten-
tial V (φ) = V0e
λφ, the equations of motion of this system
can be conveniently shown as
dx1
dN
= −3x1 −
√
6
2
λx22 − x1
1
H
dH
dN
(3)
−
√
6
2
Q(1− x21 − x22 − x23 − x44),
dx2
dN
=
√
6
2
λx1x2 − x2 1
H
dH
dN
, (4)
dx3
dN
= −3
2
x3 − x3 1
H
dH
dN
, (5)
dx4
dN
= −2x4 − x4 1
H
dH
dN
, (6)
where the number of e-foldings N = ln a and
(1/H)(dH/dN) = −(3x21 − 3x22 − 3x23 + x24 + 3)/2.
As the fiducial model for DE and inflation anal-
ysis, our 18-parameter scenario consists of extended
17-parameter CPL plus one interaction parame-
ter , which represents modified expansion rate of
DM characterized by ρdm = ρdm0(1 + z)
3− [34],
where ρdm0 is present energy density of DM and
z is redshift. The corresponding parameter space is
{Ωbh2,Ωch2, 100θMC , τ, ln(1010As), ns, ω0, ωa, ,ΩK ,Σmν ,
Neff , r, YHe, AL, nrun, nrun,run, α}, where Ωbh2 and
31.35 1.20 1.05 0.90 0.75
w0
1.8
1.2
0.6
0.0
0.6
1.2
1.8
w
a
LPSCPL LPSIDE
FIG. 1: Marginalized 1σ (68%), 2σ (95%) and 3σ (99%)
constraints on the CPL parameter pair (ω0, ωa) using the
combined datasets TLLBP are shown in the LPSCPL and
LPSIDE models, respectively. The dashed lines indicate the
point corresponding to the ΛCDM model.
Ωch
2 are present baryon and DM densities, θMC is
angular scale of acoustic horizon θ at decoupling, τ
is reionization optical depth, ln(1010As) and ns are
amplitude and spectral index of scalar power spectrum,
ω0 and ωa are two parameters of CPL parametrization,
 is modified expansion rate of DM, ΩK is cosmic
curvature, Σmν is sum of three active neutrinos, Neff is
effective number of relative species, r is tensor-to-scalar
ratio calculated at pivot scale k = 0.002 Mpc−1, YHe is
primordial helium abundance, AL is consistency param-
eter of lensing spectrum, nrun is running of ns, nrun,run
is running of running of ns, and α is correlated matter
isocurvature amplitude, respectively. Hereafter we refer
to our 18-parameter scenario as large parameter space
interacting dark energy (LPSIDE). Correspondingly,
17-parameter CPL is denoted as LPSCPL.
To perform the standard Bayesian analysis, we have
modified the publicly Markov Chain Monte Carlo
code CosmoMC [35] and Boltzmann code CAMB
[36] for LPSIDE. We choose flat priors for all the
parameters and marginalize the foreground nuisance
parameters provided by Planck. We use CMB data
including Planck-2015 temperature, polarization and
lensing (TTTEEE+lowP+lensing) [22], BAO data
including 6dFGS [37], SDSS-MGS [38] and consensus
measurement from BOSS DR12 combined sample
[39], the latest SNe Ia Pantheon sample [40] and BI-
CEP2/KECK Array 2014 (BK14) combined polarization
data [41]. To explore the bound on c, on should
completely consider the cases of early and late universe.
For DE, we constrain LPSIDE using the combined
datasets TTTEEE+lowP+lensing+BAO+Pantheon
(hereafter TLLBP). For inflation, we constrain
LPSIDE using the data combination of TT-
TEEE+lowP+lensing+BAO+BK14 (hereafter TLLBK).
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FIG. 2: The red and blue solid lines are current 1σ and
2σ upper bounds on the reconstructed EoS of DE using the
combined constraint TLLBP in the LPSIDE model, respec-
tively. The magenta, green and orange dashed lines are
the reconstructed EoS of DE from the IQDE model when
λ = 1.94, 1.62, 1, respectively. The black solid line is the
ΛCDM model.
TABLE I: The 2σ (3σ) upper bound on the constant c when
Q = 0.001 in the IQDE comparison model are shown in two
fiducial models using the combined constraint TLLBP.
Model 2σ (3σ) bound on c
LPSCPL 1.60 (1.93)
LPSIDE 1.62 (1.95)
TABLE II: The Bayesian evidence and strength of evidence
for two fiducial models using the combined constraint TLLBP.
Model lnBij Strength of evidence
ΛCDM 0 —
LPSCPL 76.03 strong
LPSIDE 78.54 strong
IV. RESULTS
Our constraining results on the CPL parameter pair
(ω0, ωa) using TLLBP are shown in Fig.1. To find the
upper bound of ω(z) in LPSIDE, we calculate the maxi-
mal values of ω(z) along the 2σ and 3σ contours at each
point lying in the range z ∈ [0, 1]. To obtain the upper
bound on c, we shall first estimate the order of magni-
tude of Q and then solve Eqs.(3-6) numerically via the
initial conditions x1 ≈ x2 ≈ x3 ≈ 0 and x4 = 0.999 [42].
Since Qρdmφ˙ = [(QHρdm)/(1 + z)](dφ/da) ≈ δHρdm,
combining our latest constraint on IDE parameter  =
−0.00013 ± 0.00038 in the multi-feature universe with
well approximate conclusion dφ/da ≈ 0.5 derived from
the upper left panel of Fig.3 in [43], we can easily find
4Q ∼ O(10−3). Consequently, we fix Q = 0.001 in this
study. After some calculations, in Fig.2, we find that cur-
rent constraints allow IQDE models with c . 1.62 and
c . 1.94 at the 2σ and 3σ levels, respectively. Further-
more, in two fiducial models using TLLBP, we exhibit
the 2σ (3σ) upper bounds on c in Tab.I when Q = 0.001
in the IQDE comparison model. We find that: (i) The
ΛCDM is still consistent with our two multi-feature cos-
mological models, LPSCPL and LPSIDE, at the 1σ level;
(ii) There is no signature of interaction between DM and
DE in the dark sector of the multi-feature universe; (iii)
The 2σ bound c . 1.62 in LPSIDE increases surprisingly
by a factor of 2.7 relative to c . 0.6 obtained in [29];
(iv) The 2σ and 3σ bounds on c in LPSIDE have just 1%
increasement relative to those in LPSCPL. However, we
should not belittle this small 1% increasement, because
it represents the effect of existence of interaction in the
dark sector in the multi-feature fiducial cosmology on the
constructions of possible string theory models of DE.
More interestingly and importantly, our 3σ bound c .
1.94 allows the existences of many string theory models of
DE ignoring vacuum stabilization. For example, the 11-
dimensional supergravity based on the hyperbolic com-
pactification with a double-exponential potential predicts
the first exponent λ1 ≈ 1.6 [25], and the O(16) × O(16)
heterotic string [44, 45], a non-supersymmetric model
constructed by twisting the E8×E8 theory, also gives the
smallest effective value c ≈ 1.6 [25]. Moreover, we point
out that all the Type IIA/B string models summarized
in Table 1 in [25] satisfy the bound c . 1.94 would be
favored by our constraint from TLLBP in the LPSIDE-
IQDE comparison setting. Additionally, it is noted that
in [25] the null energy condition can also predict reason-
able bounds on c for different string compactifications.
In order to explore whether ΛCDM is still favored
over other models by current cosmological data, choos-
ing ΛCDM as the reference model, we make full use of
public MCEvidence code [46] to compute the Bayesian
evidence εi and Bayes factor Bij = εi/εj of CPL, IDE,
LPSCPL and LPSIDE, where εj is the evidence of refer-
ence model. Following [47], we adopt a revised and more
conservative version of the so-called Jeffreys’ scale, i.e.,
lnBij = 0 − 1, lnBij = 1 − 2.5, lnBij = 2.5 − 5 and
lnBij > 5 indicate an inconclusive, weak, moderate and
strong preference of model i relative to reference model
j. Note that for an experiment which leads to lnBij > 0,
it indicates the reference model is disfavored by data.
Based on the data combination TLLBP, very surpris-
ingly, our analysis indicates that LPSIDE and LPSCPL
are extremely strongly preferred over ΛCDM by current
observations via lnBij = 78.54 and 76.03, respectively.
Our result also shows a moderate preference for LPSIDE
over LPSCPL via lnBij = 2.51.
For inflation analysis, we obtain the 2σ (3σ) upper
bound on the tensor-to-scalar ratio r < 0.138 (0.167) by
using the combined datasets TLLBK to constrain LP-
SIDE. The corresponding constraining results are shown
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FIG. 3: Marginalized 1σ (68%), 2σ (95%) and 3σ (99%) con-
straints on the parameters ns and r calculated at k = 0.002
Mpc−1 using the combined datasets TLLBK, compared to
the theoretical predictions of selected inflationary models, are
shown in the LPSIDE model.
in Fig.3. Being different from Planck-2018 prediction in
ΛCDM [22], we find that our constraint allow the ex-
istences of hybrid model driven by logarithmic quantum
corrections in spontaneously broken supersymmetric (SB
SUSY) theories [48], power-law inflation, and φ2 inflation
[8] at the 1σ, 2σ and 3σ levels, respectively. Naturally,
the R2 inflation [] is still well supported by current data.
According to our constraint ns = 0.969
+0.023
−0.021, we find
that the scale invariance of primordial power spectrum
(ns = 1) can be well satisfied at less than 2σ level in
LPSIDE.
Using the relation r > 8c2 from previous analysis
[49, 50], for the case of concave potential, we obtain
the 2σ (3σ) bound c < 0.13 (0.14), which is basically
consistent with c < 0.09 obtained in [29]. Clearly, one
can easily find that our constraint also permits the ex-
istences of a number of models with convex potentials.
Recently, Kinney et al. [31] notice that non-canonical ex-
tensions of models with convex potentials can be brought
into agreement with data. Using Planck primordial non-
Gaussianity and inflation constraints [51], they obtain a
2σ bound c . 0.37 in the Dirac-Born-Infeld (DBI) in-
flationary model with convex potential, which is still in
strong tension with SC2 [31]. Interestingly, if using our
2σ (3σ) limit r < 0.138 (0.167) in LPSIDE, we can ob-
tain the 2σ (3σ) constraint c . 0.53 (0.58), which is now
in a modest tension with the swampland conjecture.
V. DISCUSSIONS AND CONCLUSIONS
Based on the constructions of string theories, the
swampland conjecture has recently been proposed [24,
525]. We argue that this conjecture is not just a sim-
ple generalization of no de Sitter property in the land-
scape and it may have more profound implications than
what we could expect. In [32], the authors confront a
5-parameter quintessence dark energy model with data
and find the 3σ bound c . 1.01. Although their proce-
dure does not depend on the swampland criteria, their
result conversely verifies the validity of this conjecture.
In this study, assuming the validity of the swampland
conjecture, we explore the possibly largest upper bound
on the swampland constant c. Under the belief that the
universe should be multi-feature and informative, choos-
ing interacting quintessence dark energy as comparison
model, we obtain the 3σ bound c . 1.94 in the large
parameter space interacting dark energy model, a 12-
parameter extension to the ΛCDM model. This bound
would permit the existences of a number of string the-
ory models of dark energy such as 11-dimensional M-
theory with double-exponential potential, O(16)×O(16)
heterotic string and some Type II string compactifica-
tions. For inflationary models with concave potential,
we find the 3σ bound c . 0.14 similar to previous result
c . 0.09 [29]. Interestingly, combining Planck primor-
dial non-Gaussianity with inflation constraints, we find
that the DBI inflation with concave potential gives the 3σ
bound c . 0.58, which is now in a mild tension with the
swampland conjecture. Using the Bayesian evidence as
the model selection tool, we find that our 18-parameter
multi-feature cosmological model is extremely strongly
preferred over the ΛCDM cosmology.
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